Abstract. Detailed neutral hydrogen observations have 
been obtained of the large barred spiral galaxy NGC 
3992 and its three small companion spiral galaxies, UGC 
6923, UGC 6940, and UGC 6969. Contrary to the large 
galaxy, for the companions the H I distribution ends quite 
abruptly at the optical edges. Velocity fields have been 
constructed from which rotation curves have been de- 
rived. Assuming a reasonable M/L ratio, a decomposition 
of these rotation curves generates nearly equal dark mat- 
■ \ ■ ter halos. When comparing the position-velocity diagrams 
^ ! of the two brightest galaxies, UGC 6923 and UGC 6969, 
f^} it is obvious that the rotation curve of the latter has a 
P\l ■ shape closer to solid body than the former, yet the same 
5^ ' maximum rotational level is reached. This is likely gener- 
Oh. ated by the equal dark matter halos in combination with 
UGC 6923 being a factor five more luminous than UGC 
. 6969 and so its luminous matter gives a higher contribu- 
y— ( ' tion to the rotation in the inner regions. An NFW-CDMA 
dark halo is consistent with the observed rotation curve 
of UGC 6923 but not consistent with the rotation curve 
of UGC 6969. If the NGC 3992 group is part of the Ursa 
Major cluster, then the I-band M /L ratio of NGC 3992 
has to be at least 1.35 times as large as that of the aver- 
age spiral galaxy in the cluster. On the other hand, equal 
M/L ratios can be achieved when the NGC 3992 group 
is placed more than 3 Mpc behind the cluster. Both pos- 
sibilities can explain why NGC 3992 appears to be 0.43 
magnitudes too faint for its rotation. 
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1. Introduction 

Rotation curves derived from neutral hydrogen observa- 
tions at the outer regions of spiral galaxies unambiguously 
show that substantial amounts of dark matter are required 
(Bosma 1978; Begeman 1987, 1989). Any physically rea- 
sonable distribution of this dark matter necessitates the 
presence of at least some of that in the inner optical disc 
region, contributing in some degree to the total rotation 
in that region. Unfortunately, from the observed rotation 
curve and light distribution one cannot a priori deter- 
mine the ratio of dark to luminous matter (van Albada et 
al. 1985). There are arguments, mainly theoretical, that 
the contribution of the disc has to be maximized, lead- 
ing to the so called maximum disc hypothesis (van Al- 
bada & Sancisi 1986; Sellwood & Moore 1999). On the 
other hand, observations of disc stellar velocity disper- 
sions (Bottema 1993, 1997) lead to the conclusion that 
the disc contributes, on average, 63% to the total rotation 
at the position where the disc has its maximum rotation. 
This finding is supported by a statistical analysis of rota- 
tion curve shapes in relation to the compactness of discs 
(Courteau & Rix 1999). If the rotation is not measured 
outside the optical disc, the observed rotation curve can in 
most cases be explained by the stellar components alone 
(Kalnajs 1983; Kent 1986). This statement is valid for 
normal, medium and large galaxies. However, for smaller 
less massive or for galaxies with lower surface brightness, 
one does need dark matter already within the optical disc 
(Salucci et al. 1991; de Blok & McGaugh 1997). This in- 
dicates that small galaxies hold clear clues as to the size 
and shape of dark halos. 

For a long time dark halos have been described by 
a pseudo isothermal sphere (Carignan & Freeman 1985). 
Such a halo has a constant density core and its rotation 
curve is characterized by two parameters. Numerical cal- 
culations of structure formation in a cold dark matter 
(CDM) dominated universe generate a different dark halo 
(Navarro et al. 1996, 1997). It has a central cusp where the 
density goes like r _1 . When a certain cosmology is chosen 



the structural scale is related to the total mass. Rotation 
curves are then characterized by only one parameter and 
such less flexible than rotation curves of isothermal 
halos. These halos are commonly referred to as NFW ha- 
los and seem to be able to fit the observed rotation curves 
of normal galaxies just as well (Navarro 1998). There is, 
however, quite some debate whether NFW halos can also 
fit the rotation curves of low surface brightness (hereafter 
LSB) galaxies. 

At least when measured in kpc, rotation curves of LSB 
galaxies seem to rise slower in the inner regions than those 
of normal galaxies with the same luminosity (de Blok & 
McGaugh 1997; Pickering et al. 1997). That implies that 
for LSB systems the stellar disc can nowhere be domi- 
nant. If a disc is forced to its maximum contribution that 
leads in general to an excessively large mass-to-light ra- 
tio, while it is expected on the basis of colours and of 
metallicity that LSB galaxies have rather low M/L ratios. 
The establishment of slowly rising rotation curves of LSB 
galaxies is based on Hi line observations. On the other 
hand, additional observations in the Ha line by Swaters et 
al. (2000) showed that in some cases beam smearing may 
have caused the H I rotation curves to be shallower than in 
reality. NFW halos cannot be reconciled with slowly ris- 
ing, solid body rotation curves because for an r _1 density 
profile one has an r 1 / 2 rotation curve. For that reason it 
is rather important to establish the exact rotational be- 
haviour of LSB galaxies in their inner regions. The struc- 
ture formation calculations generate NFW halos on all lin- 
ear scales. Therefore, if there is a class of objects for which 
NFW halos do not apply the CDM paradigm might be in 
serious trouble. In a recent paper (de Blok et al. 2001) 
radial density profiles as generated by Ha rotation curves 
are presented for a number of LSB systems. In at least five 
out of ~ 40 cases the profiles cannot be reconciled with 
NFW halos. 

Comparing the normal galaxies to the LSB systems in 
the Ursa Major cluster, Tully & Verheijen (1997) conclude 
that certainly the LSB galaxies must be sub maximal. The 
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NGC 3992 group is part of the Ursa Major cluster and the 
three companions of NGC 3992 are small LSB galaxies. 
Consequently, observations and analysis of the rotation 
curves of these companions is of interest. Not only is it 
important to make a comparison with the other galaxies 
in the cluster, but the derived rotation curves may also 
shed extra light on the universality of CDM generated 
mass structures. 

The NGC 3992 group consists of the large barred spiral 
galaxy NGC 3992 and its three small companion galaxies 
UGC 6923, UGC 6940, and UGC 6969. The group had 
already been observed in Hi by Gottesman et al. (1984) 
and later by Verheijen (1997) and by Verheijen & San- 
cisi (2001). Both these observations suffer from a limited 
resolution or limited S/N level. In order to derive a de- 
tailed rotation curve of a large barred spiral, NGC 3992 
was observed again with the Westerbork Synthesis Radio 
Telescope. The results and analysis of these observations 
are presented by Bottema & Verheijen (2002, hereafter Pa- 
per I). Within the same field there are the Hi structures 
of the companions. Because the total amount of mate- 
rial appeared to be quite comprehensive and because the 
subjects of barred and dwarf galaxies are relatively unre- 
lated, it was decided to present matters in two papers. A 
detailed description of the observations and data handling 
has already been given in Paper I; here only the observing 
parameters are summarized in Table 1. 

For the UMa cluster a Tully-Fisher relation (Tully & 
Fisher 1977) has been constructed by Verheijen (1997), 
which shows two anomalies for the NGC 3992 group. 
Firstly, the massive galaxy NGC 3992 is too faint for its 
maximum rotation. Related to this, the derived mass-to- 
light ratio of that galaxy is nearly a factor two larger than 
that of other spirals. Secondly, the two companions UGC 
6923 and UGC 6969 have the same maximum rotation yet 
differ by a factor of five in total luminosity. That repre- 
sents a clear source of scatter in the Tully-Fisher relation. 
To investigate these matters, luminosities, colours, and 
M/L ratios of the group members will be compared in 
the present paper. For convenience a listing of the main 
parameters of the galaxies is given in Table 2. 

The distance to the UMa cluster as a whole and to 
NGC 3992 in particular has not yet been determined pre- 
cisely. Sakai et al. (2000) give a distance of 20.7 ± 3.2 Mpc 
following from a Tully-Fisher analysis using the cephcid 
distances to local galaxies. On the other hand, for a sim- 
ilar analysis, Tully & Pierce (2000) derive a distance to 
the UMa cluster of 18.6 Mpc, probably with the same 
error as that of Sakai et al. In a recent re-evaluation of 
the HST distance scale project (Freedman et al. 2001) the 
distances to the local calibrator galaxies have decreased 
by ~ 5% and consequently the distances to UMa of 20.7 
and 18.6 Mpc should also be decreased by that amount. 
As for now, a distance of 18.6 Mpc seems reasonable and 
has been adopted in the present paper. This distance dif- 
fers, however, from the 15.5 Mpc used in earlier studies of 
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Fig. 1. Greyscale image showing the full resolution total 
H I map of NGC 3992 and its surroundings. From top left 
to bottom right the three companions, UGC 6969, 6940, 
and 6923 are clearly visible; their Hi column densities are 
larger than that of the main galaxy. Note the central H I 
hole of NGC 3992, at the region of the bar. The beam 
is indicated in the lower left, the greyscale is linear from 
0.2 10 20 to 34.8 1 20 H-atoms cm- 2 . 

the UMa cluster by Tully et al. (1996) and by Verheijen 
(1997). 

2. Total H I 

To have an overview of the H I distribution in the group, 
the total Hi map at full resolution is displayed in Fig. 1. 
Immediately obvious is the central hole in the gas distri- 
bution of NGC 3992 at exactly the position of the bar. 
Furthermore, NGC 3992 has a faint gas extension outside 
its stellar disc. This is contrary to the companions where 
the Hi distribution ends abruptly at the optical edge of 
the galaxy. A possible explanation for this is stripping 
of the gas from the companions when these have passed 
by, or interacted with NGC 3992. For the companions no 
effort has been made to construct an Hi distribution at 
lower resolution. That would in practice mainly result in a 
smearing of the gas somewhat over the edge, thereby dom- 
inating the additional gas that might be there. Moreover, 
when determining the gas kinematics for the companions 
the additional sensitivity at lower resolution does not out- 
weigh the benefits of the higher resolution. 

The position and amount of Hi gas has been deter- 
mined the same way as for the main galaxy; using the 
conditional transfer method for the full resolution data. 
For all galaxies the same smoothing and filtering parame- 
ters have been used (see Paper I). Addition of the signal in 
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each channel map at the position of the galaxies gives the 
Hi profiles. These were already displayed in Fig. 4 of Pa- 
per I, together with that of NGC 3992. All the signal of the 
companions falls within the H I profile of the main galaxy. 
Integration of the data cube along the velocity direction 
results in the total Hi maps. These are displayed on the 
optical image in Figs. 2, 3, and 4 for respectively UGC 
6923, 6940, and 6969. For the three galaxies the neutral 
hydrogen gas generally coincides with the optical galaxies; 
there are no large displacements or attached filaments. In 
the case of UGC 6923 (Fig. 2) a slight correspondence of 
the gas with optical arms is visible. For UGC 6969 (Fig. 4) 
there is somewhat more gas on the North West side com- 
pared to the South East side. The small protrusion on the 
South East side has a velocity deviating by 40 km s _1 
from the general velocity field. It has approximately a ra- 
dial velocity halfway between the value of the general field 
and the systemic velocity (see Fig. 9, top panel). It might 
be a gas cloud accreting on the galaxy or in the process 
of being tidally stripped. Anyway, it has not been taken 
into account for the determination of the rotation curve. 
The smallest galaxy (UGC 6940) is so moderately resolved 
that not much can be said about the H I gas in relation to 
the optical, except that in general both coincide. 

Integration over velocity and space gives the total H I 
flux, which amounts to 7.82, 1.92, and 5.43 Jy km s _1 for 
respectively UGC 6923, 6940, and 6969. For a distance of 
18.6 Mpc this translates in total Hi masses of respectively 
6.38 10 8 , 1.57 10 8 , and 4.44 10 8 M . 

The surface density as a function of radius has been 
constructed the same way as for the main galaxy. Ellipti- 
cal annuli with orientations given by the rotation curve fit 
were projected on the surface brightness map. The emis- 
sion was averaged over these annuli and scaled such that 
integration of the radial profile gives the same total H I 
mass as found above. The resulting radial density pro- 
file is shown in Fig. 5 for all three companions. For UGC 
6923 and UGC 6969 there is only a small amount of beam 
smearing and the derived radial density profile is a good 
representation of the actual gas distribution. This is not 
valid for UGC 6940; in that case the profile given in Fig. 5 
may deviate somewhat from the true radial distribution. 

3. Construction of the velocity fields 

Inspection of the line profiles revealed that at certain po- 
sitions in the galaxy UGC 6923, these are rather skewed. 
This skewness must be ascribed to beam smearing. If in 
one beam there is a gradient in the true velocity field, 
extensions will be created in the observed line profiles to- 
wards the systemic velocity. It is difficult, if not impos- 
sible to analytically correct for such beam smearing (see 
Begeman 1989). A good approximation of the true radial 
velocity, however, is that velocity at exactly the peak of 
the asymmetric profile. Of course, this is only valid if the 
velocity field, gas distribution, and resulting line profiles 
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Fig. 2. Top: Full resolution total H I map of UGC 6923 su- 
perposed on the optical image. Contour levels increase by 
a factor of two from 1.39 1 20 to 44.3 1 20 H-atoms cm" 2 . 
Bottom: Full resolution velocity field of UGC 6923. The 
first black contour next to the white contours is at the 
systemic velocity of 1066 km s" 1 . Contours differ by 15 
km s _1 and increase from bottom to top. The ellipse in- 
dicates the position of the outermost tilted ring for which 
a rotational value has been determined. 



are regular. The problem is now to find this true peak 
position. 

In the past attempts have been made to do so by, for 
instance, correcting the velocity side furthest from sys- 
temic for the instrumental resolution and intrinsic disper- 
sion (Sancisi & Allen 1978). That method is rather de- 
pendent on the experience of the interpretator and not 
generally applicable. Another method is fitting a double 
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Fig. 3. As for Fig. 2, but now for UGC 6940 having a Fig. 4. As for Fig. 2, but now for UGC 6969 having a 
systemic velocity of 1107 km s _1 . systemic velocity of 1114 km s _1 . 



Gaussian to the line profile and retaining only the one fur- 
thest from the systemic velocity. The main problem asso- 
ciated with this method is that observed profiles are rarely 
sampled by more than four to five data points, while two 
Gaussians already have six free parameters. Resulting fits 
may therefore be unphysical. Rather one would like to fit 
a skewed analytical profile to the data with only four free 
parameters. A suitable function is a Gauss-Hcrmitc poly- 



nomial expanded so as to include only one asymmetric 
(h3) term (van der Marel & Franx 1993): 



f(v) = 



ac 



l + /i3 



1.1547 



- 1.1732 



(1) 

where v is the radial velocity and a, 6, c, and /i3 are the 
parameters to be determined. In general a, b, and c de- 
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Fig. 5. Deprojected H I surface density as a function of ra- 
dius for the three companions. The surface densities were 
obtained by averaging the total H I maps over elliptic an- 
nuli with the same orientations as used for the rotation 
curve determination. The approximate FWHM resolution 
is indicated by the errorbar. 

viate slightly from the Gaussian fit parameters if a pure 
Gaussian had been fitted to the data. The true maximum 
of the profile is not at a velocity equal to the value of b, 
but can easily be found numerically for every case. 

The steps in determining the velocity field are in prin- 
ciple the same as those followed for the main galaxy. The 
initial estimates for the fit were found by fitting a Gaus- 
sian to the conditionally transferred data cube. With these 
estimates the skewed profile given above was then fitted 
to the whole (full resolution) data cube. Line profiles with 
dispersions less than 10 km s _1 and amplitudes less than 
1.5 times the noise level were rejected. The position of the 
maximum was then adopted as the value for the velocity 
field. The field was inspected for continuity which led for 
all galaxies to the removal of typically less than 10 pix- 
els. Resulting velocity fields are displayed in the bottom 
panels of Figs. 2, 3, and 4 for UGC 6923, UGC 6940, and 
UGC 6969 respectively. The velocity field of UGC 6923 
shows an amount of differential rotation while the other 



two galaxies have a velocity morphology which is close to 
solid body. As mentioned before, the South East extension 
of UGC 6969 has a deviating velocity. Such a deviation 
should not be included in a rotation curve fit to the veloc- 
ity field an has therefore been removed from the velocity 
field of UGC 6969 in Fig. 4. It is, however, still present in 
the major axis x,v diagram in Fig. 9, top panel. Except for 
this feature there are no appreciable irregularities present 
in the velocity fields. 

As a bonus also the h3 image for the galaxies is gener- 
ated. For UGC 6923, the galaxy for which this asymmetric 
fitting was devised, the ft.3 field is symmetric with respect 
to the centre. Values of h3 are positive on one side along 
the major axis and negative on the other side of the cen- 
tre. This is a clear signature of beam smearing. The other 
galaxies only show a very small and peculiar asymmetry 
which will be discussed in the next section. The specific 
beam smearing figure is not present. 

4. The rotation curves 

A tilted ring model has been fitted to the velocity fields of 
the companion galaxies to obtain the rotation curves. Non 
overlapping rings have been used with a width of 10" and 
a weighting factor has been assigned to the data propor- 
tional to the cosine of the angle measured from the major 
axis. In first instance the dynamic position has been de- 
termined using an initial estimate of the rotation velocity 
and orientation angles. Having this centre fixed, first the 
position angle was determined, then the inclination, and 
after fixing that, the rotation curve. 

The application of this procedure to the three compan- 
ions is not straightforward, which is caused by the close 
to solid body nature of the velocity field. If one has the 
hypothetical case of a pure solid body then the velocity 
contours are all straight lines perpendicular to the major 
axis. By means of a tilted ring fit it is then not possible to 
determine independently the dynamical position nor is it 
possible to obtain the inclination. In such a case it has to 
be assumed that the optical position and inclination coin- 
cide with the kinematic position and inclination. For Hi 
gas within the optical region of a galaxy this is generally 
a valid assumption. The three companions have velocity 
fields with an appreciable solid body content. Therefore in 
some cases for some parameters optical values have to be 
used, which will be a reasonable approximation because 
the gas does not extend outside the optical image. For the 
outer tilted rings there will be positions along the rings 
with no determined Hi radial velocities. To illustrate this, 
the outermost ring for which a rotational value has been 
determined is displayed as an ellipse on top of the veloc- 
ity fields. In that way it can be inspected which positions 
of the galaxy are, and which are not, contributing to the 
rotation curve determination. 

The least squares fitting method gives errors, but these 
are only formal errors, which are not always a good rep- 



Roelof Bottema: Dark and luminous matter in the NGC 3992 group of galaxies 



7 



rcsentation of the true deviation from the data. To come 
up with a more realistic error of the rotational velocity, 
the fitting procedure has been repeated for the receding 
and approaching side of the galaxy separately. Positions 
and orientation angles were kept fixed at the same values 
as for the whole galaxy and rotation velocities were de- 
termined. The difference in rotation of the two sides gives 
a better representation of the true error. The final error 
is then given by the quadratic sum of the formal fit error 
plus half the difference between the two sides. 

The rotation curve fitting procedure will now be dis- 
cussed for the three companions separately: 

4.1. UGC 6923 

There was no drifting of the dynamic centre as a function 
of radius, which can therefore be determined quite accu- 
rately. The systemic velocity is I 066 ± 2 km s -1 and other 
fitted parameters can be found in Table 3. Further steps 
in the fitting procedure are illustrated in Fig. 6. In the 
top panel the position angle is shown when all three pa- 
rameters, rotation, inclination and pa were left free. The 
position angle does not show a trend as a function of ra- 
dius and was fixed at a constant value of 343° . The middle 
panel of Fig. 6 gives the fit result for the inclination after 
the pa is fixed. 

As noted above, it is difficult to get well determined, 
independent kinematic inclination values. The optical in- 
clination for UGC 6923 is 66° for an adopted q of O.f I . 
This inclination is given by the dashed line in Fig. 6 (mid- 
dle panel), and is not inconsistent with the kinematic in- 
clination. Around a radius of 40" the kinematics prefers a 
somewhat smaller inclination which is likely caused by the 
enhanced H 1 density and accompanying slightly deviating 
velocity field West of the centre. I feel confident that the 
constant optical inclination is a good representation of the 
actual gas kinematics. 

The lower panel shows the final rotation curve for that 
fixed inclination. Errors superposed on the points are al- 
ready those when the difference between the two sides 
has been taken into account. All numerical values for the 
rotation curve of UGC 6923 are given in Table 3. The 
outermost ring for which the rotation is determined has 
a radius of 90" and is displayed as an ellipse in Fig. 2, 
bottom panel. This ring still picks up a number of radial 
velocity points at diverse and independent positions of the 
galaxy. Therefore the rotational value at that radius is a 
reliable and significant measurement. 

4.2. UGC 6940 

The velocity field of UGC 6940 is close to solid body and 
so small compared to the beam that it was impossible to 
determine independently the dynamical centre. Therefore 
it had to be assumed that the spatial position of the opti- 
cal nucleus coincides with the galaxy's dynamical centre. 
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Fig. 6. Determination of the rotation curve by a tilted ring 
fit for UGC 6923. In first instance the orientation angles 
and rotation velocity were all left as free parameters pro- 
ducing position angles as a function of radius (top panel) . 
The PAs were fixed at 343° indicated by the dashed line, 
and the fitting procedure was rerun producing the incli- 
nations (middle panel) . The optical value of 66° was used 
for all inclinations (dashed line). In the bottom panel the 
final rotation curve is presented. 



Using that position and a guess for the rotation and ori- 
entation angles it was possible to get a solid value for the 
systemic velocity of 1107 ± 2 km s _1 . All fit values for 
this galaxy are summarized in Table 4. Next steps in the 
fitting procedure are illustrated in Fig. 7, analogous to, 
but slightly different from Fig. 6. The middle panel shows 
the fit for a free rotation, pa, and inclination, while the 
top panel gives the fit for the position angle with the in- 
clination fixed at the optical value. The adopted constant 
values for the position angle and inclination are equal to 
the optical values and nicely compatible with the results 
of the tilted ring fit, as can be seen by the dashed lines 
in Fig. 7. The rotation curve plus the final errors are pre- 
sented in the lower panel. 
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Fig. 7. As Fig. 6, but now for UGC 6940. For this galaxy 
the optical values for both, the position angle and incli- 
nation had to be adopted, being consistent with the data 
points in top and middle panel. 



4.3. UGC 6969 

Using an initial estimate of the rotation together with 
fixed values of the orientation angles resulted in a slight 
drift of the centre as a function of radius of 20" in the 
spatial direction and 10 km s _1 in velocity, over the 80" 
radial extent of the tilted ring fit. To assess the reality 
of the drift, in a first iteration the dynamical centre was 
fixed at the radially averaged value, and a fit of the ro- 
tation was made. This rotation curve was used as a next 
guess to redetermine the centre. Now the drift had disap- 
peared and the constant value of the dynamical centre is 
given in Table 5. The optical centre was measured and was 
only 3" away from the dynamical centre position, which 
is well within the measurement errors. This demonstrates 
that the iteration has converged to a reliable value, though 
for the nearly solid body velocity field of UGC 6969 the 
procedure can never be done in a completely independent 
manner. Having the centre fixed, the further fitting pro- 
cess is illustrated in Fig. 8. There is no trend as a function 
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Fig. 8. As Fig. 6, but now for UGC 6969. 



of radius for the fit of the orientation angles. Again the 
optical values (for go = 0.11) are fully compatible with 
the results of the tilted ring fit, and were adopted. The 
rotation curve with its proper errors is shown in the lower 
panel of Fig. 8. 

4-4- Discussion 

To show the reliability and consistency of the method to 
derive the rotation curves, in Fig. 9, the determined ro- 
tational velocities have been converted to radial velocities 
and plotted on the x,v diagrams along the major axis. For 
all three galaxies the rotation points are at the positions 
where one would expect them to be. NGC 6923, for ex- 
ample, shows the skewed profiles in Fig. 9. The rotation 
curve of this galaxy nicely follows the positions of max- 
imum intensities of the x,v diagram, demonstrating that 
the skew linefit procedure is correct. 

In some cases, at the outer positions of the gas distri- 
butions there is a rotational point given while there is no 
gas associated with it in the x,v diagram. This is caused 
by the fact that the gas is spatially not distributed in an 
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elliptical shape similar to the orientation of the kinematic 
tilted rings. Gas may then not be present along the major 
axis, while there is still gas with associated radial veloci- 
ties at other positions along the tilted ring. For instance 
for UGC 6969 at the NW side of the galaxy, at that spot 
there is no H I gas. Still the outermost data point of the 
rotation curve is determined from radial velocities of 22 
pixels. Note that for this galaxy the cloud with deviat- 
ing velocity is displayed on the SE perimeter of the x,v 
diagram. The affected region is not included in the tilted 
ring fit, but still the rotation curve is fully consistent with 
the x,v diagram in the sense that it correctly traces the 
envelope of the gas distribution (Sancisi & Allen 1978). 

Though UGC 6923 and UGC 6969 have nearly the 
same maximum rotation the shapes of the rotation curves 
are different. UGC 6969 has a rotation curve which has 
more a solid body signature. Is this real? Inspection of the 
x,v diagrams in Fig. 9 demonstrates that these diagrams 
are indeed rather different for both galaxies. UGC 6923 
shows signs of beam smearing which can be observed in 
case of differential rotation. UGC 6969, on the other hand, 
does not show these signs and cannot show these signs if 
the galaxy has a rotation close to solid body. In order for 
a differentially rotating galaxy to show a solid body x,v 
diagram, the gas must have a central density depression in 
combination with substantial beam smearing. As can be 
seen in Fig. 5, where the observed radial density profile is 
given, this is not the case. We must therefore conclude that 
the different shapes of the two rotation curves is indeed 
real. 

For the three companions Verheijen has also derived 
the rotational parameters. His resolution is much worse, 
however, and he was forced to use optical orientation val- 
ues from the onset. This study confirms that these optical 
values are appropriate and hence the global rotation of 
Verheijen is equal to the present rotation. With the higher 
resolution and better signal to noise it is now possible to 
derive rotation curves with more details and going some- 
what further out. 

Looking at Fig. 9, one can at first notice that all com- 
panions rotate in the same way with respect to the plane of 
the sky. Secondly, both UGC 6969 and UGC 6940 exhibit 
a slight skewness of the line profiles in the sense that the 
tail extends to higher velocities. This is visible along the 
whole major axis and does not change significantly with 
position. A possible explanation might be that we are wit- 
nessing the effect of tidal forces when the two companions 
move past the large galaxy NGC 3992. 
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Fig. 9. The rotation curves of the companions converted 
to radial velocities, overplotted on a full resolution posi- 
tion - velocity map along the major axes. Top, middle, 
and bottom panels are for UGC 6969, UGC 6940, and 
UGC 6923 respectively. The cross indicates the position 
of the dynamic centre; contour levels are at -3.92 and - 
1.96 K (dashed), and at 1.96, 3.92, 7.84, 11.8, 15.7, 19.6, 
and 23.5 K. One can notice that for UGC 6923 (bottom 
panel) a satisfactory correction for skewed line profiles has 
been made. 



5. Decomposition of the rotation curves 

The decompositions of the rotation curves have, in prin- 
ciple, been done in the same way as for the major galaxy. 
The I-band photometry of Tully et al. (1996) was used to 
represent the radial mass profile of the galaxies (see Fig. 
10). Locally isothermal stellar discs were assumed with a 



z value of one fifth of the scalelength. For the gas the 
radial distribution was taken equal to that given in Fig. 5, 
multiplied with a factor of 1.4 to account for Helium, while 
the disc was infinitely thin. Two kinds of dark halo have 
been considered, a pseudo isothermal one and an NFW 
halo. 
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The density distribution p^of a pseudo isothermal halo 
is given by 

R2 I- 1 

(2) 



18 



Ph 



Pi 



1 + 



R 2 



with a rotation law 



Vh 



arctan 



R 



„ r (3) 

where i? core is the core radius related to the maximum 
rotation of the halo v™ ax by 

< ax = y/4nGp h B^ Io . (4) 

For an NFW halo the density distribution takes the form 
Pi 

PNFW 



(R/R s )(l + R/R s ) 2 ' 
where R s is a characteristic radius and p. L is related to 
the density of the universe at the time of collapse. The 
rotation curve wnfw following from this distribution is 



(5) ^ 



wnfw = 2.15 v„ 




(6) 



R + R s ' 

where the maximum rotation u max is reached at a radius 
of 2.16 R s . When a certain cosmology is chosen the struc- 
tural parameter becomes related to the total mass of the 
halo. In this case, there is a relation between the charac- 
teristic radius R s and the maximum rotation. Presently I 
assume the current concordance model for the cosmology: 
a low density CDM universe with a flat geometry, called 
CDMA with tt = 0.25, A = 0.75, and a Hubble con- 
stant of 75 km s^ 1 per Megaparsec. For that cosmology 
Navarro et al. (1997) relate the parameter M 2 oo to w max 
in their Fig. 7. Some manipulation with equations leads 
to the following relation between R 8 and v max 
R / \ 137 

ps= a0127 te7?) • (7) 

such that when Eqs. (6) and (7) are combined there is 
only one free parameter left for the dark halo. 

Besides the specific NFW profile, cosmological CDM 
simulations also generate a certain scatter in these pro- 
files. Bullock ct al. (2001) give in their Fig. 4 the scatter 
of the concentration parameter c, which appears to be in- 
dependent of the halo mass. The positive la deviation is 
approximately 0.105 on a 10 log scale (factor 1.27) but the 
negative la deviation from the concentration parameter 
appears to be larger, approximately 0.21 in 10 log equal to 
a factor 1.62. A different investigation by Jing (2000) gives 
for a ACDM cosmology and for the most virialized halos a 
la scatter of 0.17 on a natural log (In) scale (factor 1.19). 
For less virialized halos the scatter is a factor 1.28 and on 
average it is 1.22. All these numbers differ somewhat, but 
a factor 1.28 or a la deviation in Alnc of 0.25 seems a rea- 
sonable compromise. Equation (7) has been derived from 
the M 2 oo versus w max relation and it is easy to demon- 
strate that a scatter in ln(c) then translates in exactly the 
same scatter in ln(ii s ). For a 3a less concentrated dark 
halo, the coefficient in Eq. (7) has to be multiplied by a 
factor e 3x0 - 25 , increasing it to 0.027. Such a 3a deviation 
is considered as a limit to the NFW functionality. 
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Fig. 10. Radial profiles in the I-band for the three com- 
panions as measured by Tully et al. (1996). 



The results of the rotation curve decompositions are 
shown graphically in Figs. 11, 12, and 13 for respectively 
UGC 6923, 6940, and 6969, while Table 6 gives the numer- 
ical values. For an isothermal halo three cases have been 
investigated. A maximum disc situation where the con- 
tribution of the stellar disc to the total rotation is max- 
imized, shown in the top panel of Figs. 11 to 13. Also 
a minimum disc case is investigated, where there is sim- 
ply no stellar disc at all, of which the results are only 
given in Table 6. Lastly, the decomposition is given for 
(M/L)i = 0.82 in the middle panels of the Figs. 11 and 
13 and in the lower panel of Fig. 12. This situation cor- 
responds to the 63% criterion for large galaxies and the 
ensuing M/L ratio. A derivation of this mass-to-light ratio 
of 0.82 in the I-band is given in Sect. 6. 

In case of maximum disc the M / Lj ratio of the dwarf 
galaxies ranges between 1.6 and 1.8 while the core radius 
is comparable to or larger than the outer measured radius 
of the gas. Reducing the stellar disc contribution results 
in a smaller core radius of a few kpc. In all three cases 
the fits to the observed data points are equally good and 
so, as usual, from a rotation curve decomposition nothing 
can be deduced about the contribution of the stellar disc. 
If, on the other hand, one assumes (M/L)j = 0.82 for all 
three galaxies and one compares the determined dark halo 
rotations in Fig. 14 one notices that the dark halos of the 
three companion galaxies are nearly equal. This is striking 
because the total luminosities of the galaxies cover a range 
of a factor 16. Do we have a situation where there are 
three identical dark halos with different luminous galaxies 
embedded? 
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Fig. 11. Rotation curve decompositions for UGC 6923. 
The dots are the observed rotational data and the full 
drawn line is the fit to these. Individual contributions of 
the disc (long dashed line), gas (short dashed line), and 
dark halo (dash - dot line) are indicated. Numerical values 
are given in Table 6. Top: An isothermal halo maximum 
disc fit. Middle: A decomposition for an isothermal halo 
and (M/LY disc = 0.82. Bottom: For an NFW-CDMA halo 
with (M/LY disc = 0.82. 



Let us leave out UGC 6940 because the halo rotation 
is not established very far out. UGC 6923 and UGC 6969 
differ by a factor five in luminosity, while having approxi- 
mately the same dark halo rotation. The effect of this can 
be seen nicely in Figs. 11 and 13, middle panels. UGC 
6969 has the solid body rotation and the dark halo dom- 
inates over the whole radial extent. UGC 6923 is more 
differentially rotating which is caused by the larger disc 
mass contribution simply because the disc of UGC 6923 
is more massive. For a (M/L)j of 0.82 the stellar disc still 
dominates the rotation for radii less than 1.5 kpc. The 
differences between these two galaxies have an interesting 
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Fig. 12. As Fig. 11, but now for UGC 6940. In this case 
no NFW fit has been made. 



effect on their positions in the Tully-Fishcr relation, which 
will be discussed in the next section. 

NFW decompositions have been made for UGC 6923 
and UGC 6969 of which the results in case of a fixed 
(M/L)i — 0.82 are presented in Figs. 11 and 13, lower 
panels. For UGC 6923 the fit of the strict NFW function- 
ality (Eqs. 6+7) is slightly off in the inner and outer parts. 
If the M/L ratio is reduced to 0.0 or when a moderate de- 
viation from the strict profile within statistical limits is 
allowed, a good agreement between fit and data points 
can be achieved. Consequently for UGC 6923 both the 
isothermal and NFW halo can give a good description of 
the rotation. 

For UGC 6969, however, the situation is different. As 
can be seen in Fig. 13, the strict NFW halo cannot fit 
the observations. A 3<r less concentrated halo has an R s 
parameter of 8.4 kpc, which is nearly three times as large 
as for the strict case. Even then the fit is not good; the 
inner and outer rotational points deviate too much from 
the total fitted rotation curve. Decreasing the M/L ratio 
of the disc barely improves matters because the disc con- 
tribution is already small. If the R s and w max parameters 
are left unrelated to each other, the then ensuing two pa- 
rameter fit diverges to very large values of R s and v max . 
In such small galaxy is embedded in an unreal- 

istically large dark halo. As discussed in Sect. 4, the x,v 
diagram of UGC 6969 in combination with the derived 
radial density structure shows that there is no apparent 
beam smearing present. In addition, beam smearing is ex- 
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Fig. 13. As Fig. 11, but now for UGC 6969. In addition 
the dotted line in the lower panel gives the fit of an NFW 
halo being less concentrated by 3a from the standard func- 
tionality. 



pected to occur only in the most edge-on or most unre- 
solved galaxies (Swaters et al. 2000; McGaugh et al. 2001) 
while for the more favourable objects, such as UGC 6969, 
the derived H I rotation curves generally give a good im- 
pression of the actual rotation. The possibility remains of 
a slight amount of beam smearing, but that can never ac- 
count for the large discrepancy between observations and 
NFW halo decomposition. 

One might wonder why for the isothermal case nearly 
equal dark halos produce good fits to all the rotation 
curves and there are problems with one galaxy for an 
NFW halo. A solution to this controversy can be found 
by inspection of Figs. 11 and 13. Like for the isothermal 
situation also for the NFW case the fitted halo rotation 
curves are very similar for UGC 6923 and UGC 6969. How- 
ever, an NFW halo has a cusp producing large rotations 
in the inner regions which can be allowed for UGC 6923 
but not for UGC 6969. 
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Fig. 14. Rotation curves of the dark halos of UGC 6923 
(dashed), UGC 6940 (dotted), and UGC 6969 (full drawn) 
m case {M/LY disc = 0.82. Though these galaxies differ by 
more than a factor of ten in luminosity, their dark halo 
rotation is identical to within the errors. This suggests 
that different amounts of luminous matter have settled in 
identical dark halos. 



6. Comparing the galaxies of the NGC 3992 
group 

A detailed description now exists for the four galaxies in 
the NGC 3992 group, though the main uncertainty which 
remains is the actual ratio of dark to luminous matter. A 
comparison will be made with the other galaxies of the 
UMa cluster which may generate additional information. 
The TF relation combines in principle the kinematics, gov- 
erned by dark and luminous matter, with the total light. 
Consequently this relation and the position in this rela- 
tion of the four galaxies now studied should give insight 
into the dark matter content. The I-band TF relation will 
be considered, because one wants a band as red as possi- 
ble to minimize dust and population effects, while for the 
near infrared bands the total luminosities of the galax- 
ies are considered somewhat uncertain. Also the following 
discussion on mass-to-light ratios will be conducted in the 
I-band. In first instance one then needs the absorption free 
total light of the four galaxies. 

6.1. Absorption corrections 

Various prescriptions exist for converting the observed 
light of a galaxy into absorption free luminosities. For 
instance the method of Tully & Fouque (1985), which 
does a total conversion, while other methods are gen- 
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erally restricted to a conversion to face-on luminosities. 
This method gives an internal absorption correction A l x 
for passband X and inclination i of 



1 x 



-2.5 loglO 



1 



1+e 



-rsec(i) 



) + (i-2/) 



(8) 

rsec(z) 

For an assumed / parameter of 0.1 and r values of t b = 
0.81, t r = 0.40, tj = 0.28, and t k , = 0.035 one determines 
a correction for a face on galaxy to absorption free A l x {) 
of 0.40, 0.21, 0.15, and 0.02 for the B, R, I, and K' band 
respectively. 

The conversion to absorption free absolute magnitudes 
Mrp l x in band X is given for galaxies of the UMa cluster 
at a distance of 18.6 Mpc by 



M, 



b.i 



y x 



31.35 



(9) 



t,x -m T -A b x 
where mx is the observed total brightness and A b x is 
the Galactic absorption correction which is generally very 
small. Both these numbers can be found in Verheijen 
(1997). For the galaxies in the NGC 3992 group the ob- 
served total light and the internal absorption corrections 
according to Eq. (8) are given in Table 7. 

There is, however, a vast difference in intrinsic lu- 
minosity between NGC 3992 and the three surrounding 
dwarf galaxies. As demonstrated by Tully et al. (1998) 
and by Giovanelli et al. (1997) there is a large range in ab- 
sorption corrections for galaxies with a range of intrinsic 
luminosities. Bright, large galaxies have a large dust ab- 
sorption while small and certainly the low surface bright- 
ness galaxies have generally a small or even negligible dust 
absorption. Consequently it is unrealistic to use the Tully- 
Fouque equation for these four galaxies. Tully et al. (1998) 
give an internal absorption correction to face-on [A l x , so 
no total correction) of 



Ai-0 

A x 



7xlog(-), 



(10) 



where % is the major/minor axis ratio of the galaxy and 
7x a factor dependent on absolute luminosity corrected 
for galactic, k-correction, and internal absorption M x k ' % 
given in the I-band by 

7/ = -0.20 (16.9 + M 7 M ' 4 ). (11) 

When the appropriate values for the four galaxies are sub- 
stituted in Eqs. (10) and (11) one has A^°(3992) = 0.26 
and A / _0 (U6923) = 0.13, while for the other two galaxies 
the correction is zero. Now still an internal dust correction 
for the face-on situation has to be made. It will be clear 
that the whole procedure for internal absorption correc- 
tion is rather uncertain. Therefore at present, taking into 
account the numbers given by Eq. (8) and the numbers 
given by the luminosity dependent correction to face-on a 
total correction has been adopted of 0.52 magnitudes for 
NGC 3992 and a zero correction for the dwarfs. 



6.2. Mass-to-light ratios 

In his analysis of the mass distribution of the galaxies in 
the UMa cluster Verheijen (1997) finds that in case of 
the 63% criterion the average M/L ratio in the K' band 
of 10 HSB galaxies (excluding NGC 3992) amounts to 
0.38 Mq/Lq with a scatter of 20%. For a maximum disc 
situation the average mass to light ratio of the same 10 
galaxies is 0.60, being a factor 1.6 larger. Because in in- 
dividual cases the calibration of the K' photometry may 
be somewhat uncertain this M/L ratio in the K' band 
is converted to the I-band. To that aim for all non-LSB 
galaxies of Verheijens sample the K-I colour has been de- 
termined, corrected for internal absorption according to 
Eq. (8). The average of this, < K' — I >*, was -1.55 and is 
used to convert the average mass-to-light ratio in the K' 
to the I-band. In case of the 63% criterion one then has 
(M/Lj) 1 — 0.82 and 1.30 for the maximum disc situation. 
In Paper I a comparison has been made with Mj L[ ratios 
of a sample of galaxies for which an absorption to face-on 
only has been made. To convert the average (M/Lj) 1 of 
the ten UMa cluster galaxies to a face-on correction only 
the same factor of 1.27 (0.26 mag.) as for NGC 3992 has 
been adopted. Then for the maximum disc case results a 
(M/L 7 ) 4 ~° = 1.65 with a range from 0.7 to 2.2. 

The three companions have a maximum disc (M/Li) 1 
value of 1.7 ± <~ 0.3 (see Tables 6 and 7). When applying 
the total absorption correction to NGC 3992, its maximum 
disc (M/i/) 4 equals 2.91 ± 0.07 which is a factor of 1.7 
larger than that of its companions. Is this consistent? To 
answer this, the colours of the four galaxies have been used 
to compare the stellar populations of the systems. The 
(B — R) 1 colours were derived from the luminosities given 
by Tully et al. (1996) and Verheijen (1997). An absorption 
correction for NGC 3992 was made using Eq. (8) resulting 
in (B — -R)N3g92 = 1-21 while no absorption corrections for 
the companions were made giving a (B — R) l conip ranging 
between 0.8 and 0.95. Then, according to Table 1 of Bell 
& de Jong (2001), population synthesis models predict for 
such a colour difference a difference in (M/Lj) 1 of a factor 
1.6 — > 2.0, being very consistent with the observed value. 
Consequently the difference in maximum disc M/L val- 
ues between NGC 3992 and its companions can well be 
explained by a different stellar population of the galaxies. 
There is a caveat, however. In the argumentation it is as- 
sumed that the bluer colours of the companions are caused 
solely by population effects, while in reality a likely lower 
metallicity may contribute as well in making the compan- 
ions bluer. 

For the UMa cluster the (M/Lj) 1 maximum disc value 
is 1.30 with a range of 0.54 — > 1.71. A much larger value 
of (M/L/) 1 = 2.91 or 2.60 if a bulge is allowed is found for 
NGC 3992. Hence the maximum disc mass-to-light ratio 
of NGC 3992 is 2.2 times (or 2.0 with bulge) as large as for 
the cluster in which it should reside. This finding is similar 
as that for the less well determined K' band photometry 
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where Verheijen (1997) finds a factor of 2.9 difference. It is 
not possible to explain the M/L difference by population 
effects. The average (I ~ K') 1 colour of 22 HSB galaxies in 
the UMa cluster is 1.55 ± 0.14 while the (I - K' f colour 
of NGC 3992 is 1.48, being absolutely normal. For the 
(B - If colour one has (B - 7) l UMa = 1.35 ± 0.28 and 
(B — -0^3992 = 1-52 which is also normal. The difference 
in mass-to-light ratio thus has to be explained by another 
mechanism. Let us first investigate what happens in case 
of the 63% criterion. Then the average {M/Ljf for the 
cluster galaxies is 0.82 with a range of 0.65 — > 1.06. For the 
best fitting rotation curve decomposition the maximum 
disc velocity is slightly below 63% and has an (M/Lj) 1 = 
1.11 ± 0.12. Here the discrepancy between NGC 3992 and 
the rest of the cluster is less; there is only a factor of 1.35 
difference. However when the disc (M/L/)* of NGC 3992 is 
put at the average cluster value of 0.82 the then following 
disc mass of 54.3 10 9 Mq cannot give a reasonable rotation 
curve decomposition any more. In order to make equal 
M/L ratios one might consider to put the (M/L/) 1 for 
NGC 3992 at 1.30 equal to the maximum disc value of 
the other galaxies. That then results in a situation where 
NGC 3992 is substantially sub maximum while the other 
galaxies in the cluster are at maximum. Because NGC 
3992 is barred one might have expected just the opposite 
and therefore this option is not likely. When the whole 
argumentation given above is considered, the conclusion 
has to be reached that the mass-to-light ratio of NGC 3992 
is at least a factor of 1.35 larger than that of the average 
value of the UMa cluster. 

This cannot be explained by a different stellar popu- 
lation. One then has to invoke a different IMF for NGC 
3992, containing more low mass stars. But for that there 
is no obvious reason. The easy way out is, of course, by 
putting NGC 3992 and its companions at a larger distance 
and so behind the UMa cluster. To make the mass-to-light 
ratio a factor 1.35 (= 0.33 mag.) smaller, the NGC 3992 
group needs to be 3.0 Mpc behind the cluster. For a factor 
2.2 (= 0.86 mag.) lower M/L ratio the group should be 
9 Mpc behind the cluster. Allowing a change in distance 
to NGC 3992 even makes it possible to create a larger 
contribution of the disc to the total rotation compared 
to the rest of the galaxies in the UMa cluster and thus 
solving some problems possibly associated with its barred 
morphology. 

6.3. The Tully-Fisher relation 

In Fig. 15 the I-band TF relation of Verheijen is repro- 
duced. The maximum rotations of UGG 6923 and UGC 
6969 have changed slightly because of the present study. 
The new values for these two galaxies have been put into 
the TF diagram of Fig. 15 and it should be noted that the 
triangle for UGC 6923 could have been replaced with a 
filled dot, meaning that the flat part of the rotation curve 
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Fig. 15. Reproduction of Verheijens (1997) Tully-Fisher 
relation of the Ursa Major cluster. The data point for 
UGC 6940 has been added while the data points for UGC 
6923 and UGC 6969 have been changed slightly according 
to the better determined maximum rotations (U max ) in 
the present paper. The horizontal arrow attached to NGC 
3992 indicates the shift when instead of the maximum 
rotation the flat part of the rotation curve is used. Ver- 
tical arrows indicate the increase in luminosity with 0.33 
or 0.86 mag. caused by a larger distance of 3 or 9 Mpc 
respectively. The nearly equal rotation at different lumi- 
nosities for UGC 6923 and UGC 6969 can be explained by 
different dark/luminous mass ratios for these galaxies. 

has been reached. Also the data point for UGC 6940 has 
been added to the diagram. 

Let us first discuss the position of NGC 3992 in the TF 
relation. It is obvious that NGC 3992 is too faint for its 
rotation, even if instead of the maximum rotation that of 
the flat part is taken. Doing the latter, NGC 3992 is 0.43 
magnitude too faint. However, if the light of the galaxy 
would be increased by more than a factor 1.35 (> 0.33 
mag.) the data point in the TF relation is consistent. If 
the different mass-to-light ratio of NGC 3992 is explained 
by a different IMF for that galaxy, only that data point in 
the TF relation has to be corrected. On the other hand, if a 
larger distance is needed all the four data points belonging 
to the NGC 3992 group in the relation (Fig. 15) have to 
be changed by 0.33 mag. (factor 1.35) or by 0.86 mag. 



Roelof Bottema: Dark and luminous matter in the NGC 3992 group of galaxies 



15 



(factor 2.2). Considering Fig. 15, such shifts are certainly 
possible. 

UGC 6923 and UGC 6969 have nearly the same maxi- 
mum rotation, while differing a factor of five in luminosity. 
Yet, assuming a (M/L)} of 0.82 the dark halos of these 
two galaxies are identical to within the errors. This has 
an obvious effect on their position in the TF relation as 
can be seen in Fig. 15. The argument can now be turned 
around, the two galaxies have the same rotational veloc- 
ity but differ by a factor of five in brightness because they 
have a different ratio of dark to luminous matter. A bary- 
onic TF relation can be created (McGaugh et al. 2000) 
by also taking the gas mass of a galaxy into account. In 
general the scatter of the TF relation then seems to de- 
crease for small galaxies. Using a fiducial gas M/L ratio 
of 0.82, the same as for the I-band rotation curve decom- 
position, the gas mass of UGC 6923 and UGC 6969 was 
converted into light. The difference in luminosity between 
the two galaxies then decreases to a factor 2|, being still 
significant. 

Except for the usual problems with absorption, popu- 
lations effects, and inclination errors causing observational 
or semi-observational scatter in the TF relation there is 
also an intrinsic scatter, here twice illustrated by the NGC 
3992 group. At first, small differences in M/L (already cor- 
rected for population effects and absorption) or in distance 
will cause data points to deviate. Secondly, different ra- 
tios of luminous to dark mass will obviously cause scatter. 
Matters are complicated because certainly for the smaller 
galaxies the maximum of the rotation is not reached at 
the end of the measured gas distribution. Considering all 
these problems it is not surprising that the TF relation can 
be applied to an individual case only with an appreciable 
error. For an ensemble of galaxies spanning a wide range 
of luminosities, the relation is a reflection of a globally 
equal ratio of dark to luminous matter. 

7. Discussion and conclusions 

This paper presents a nice example of two small galax- 
ies which appear to have nearly equal dark matter ha- 
los. Yet one of the galaxies is considerably more lumi- 
nous simply because it contains more luminous matter 
which is dominant in the inner regions. The other galaxy 
seems to be dominated by dark matter everywhere. As a 
hypothesis one could imagine a situation where different 
amounts of gas have fallen into the same halo, creating 
different amounts of stellar material. In any case, it is 
inevitable that a different formation scenario must have 
been at work, maybe associated with an interaction with 
the dominant galaxy NGC 3992. 

For UGC 6969 the universal NFW halo does not ap- 
ply. In general a more essential question is: what is the 
fraction of small galaxies for which NFW is impossible? If 
that fraction appears to be small, those galaxies may have 
formed under exceptional circumstances maybe involving 



large amounts of dissipational matter or strong tidal in- 
teractions. The CDM structure formation is then not in 
serious trouble. 

In my opinion the size of the abovemcntioncd fraction 
is still undetermined. This has to do with the inherent dif- 
ficulty in measuring rotation curves of LSB galaxies. The 
Hi observations of de Blok & McGaugh (1997) inevitably 
suffer from beam smearing but as demonstrated by Swa- 
ters et al. (2000) beam smearing is most associated with 
the smallest or close to edge-on galaxies. For the more 
favourable objects of dc Blok & McGaugh the derived ro- 
tation curves give a good impression of the actual rotation 
even though the rotation curves were derived from the x,v 
diagrams only. It is, of course, better to use the full veloc- 
ity field (as done in this paper) or to use Ha observations 
especially for the inner regions. Anyway, I expect these 
matters can, and will be resolved in the near future. 

Finally a compilation of the main conclusions of this 
paper: 

1. Detailed observations in the neutral hydrogen line have 
been made of the large barred spiral galaxy NGC 3992 
and its three small companion galaxies, UGC 6923, 
UGC 6940, and UGC 6969. 

2. In general the Hi distribution of all galaxies is regular. 
NGC 3992 has a faint radial Hi extension outside its 
stellar disc; contrary to the companions where there is 
an abrupt end to the H I gas distribution. 

3. For the three companions rotation curves have been 
derived from their velocity fields. 

4. UGC 6923 and UGC 6969 have nearly the same max- 
imum rotation. Yet the shapes of the rotation curves 
arc different which is likely related to the factor of five 
difference in luminosity of the two. 

5. Assuming a reasonable M/L ratio for the three com- 
panions, a decomposition of the rotation curves gener- 
ates nearly equal dark matter halos. 

6. An NFW-CDMA dark halo is consistent with the ob- 
served rotation curve of UGC 6923 but not consistent 
with the rotation curve of UGC 6969. 

7. A comparison has been made of the absorption cor- 
rected I-band M/L ratio of NGC 3992 and these ra- 
tios of other galaxies in the UMa cluster. From that it 
can be concluded that or, the M/L ratio of NGC 3992 
has to be at least 1.35 times larger than the average 
ratio of the cluster galaxies, or, the NGC 3992 group 
is situated more than 3 Mpc behind the cluster. 

8. This can also explain the position of NGC 3992 in the 
Tully-Fisher relation of the Ursa Major cluster, where 
NGC 3992 is approximately 0.43 magnitudes too faint 
for its rotation. 
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Telescope 


WSRT 


Observing date 


May 1997 to Sept. 1997 


Duration of observation 


4 x 12 h. 


Number of interferometers 


~ 27 


Baselines (min-max-incr.) 


36 - 2736 - 36 m. 


Full res. beam (FWHM, ax{) 


14" x 18" 


FWHpower primary beam 


37' 


Rms (la) noise per channel 




full res. 


1.96 K = 0.473 M pc- 2 


res. = 30" x 30" 


0.55 K = 0.132 M pc~ 2 


Velocity central channel 


1050 km s" 1 


Bandwidth 


5 MHz 


Number of channels 


64 


Channel separation 


16.6 km s _1 


Velocity resolution 


33.3 km s" 1 


Field centre (1950) 


(ll h 55 m 07 s ; 53°39'18") 


K-mJy conversion, 




equivalent of 1 mjy/beam 


2.62 K (full res.) 




0.73 K (res. = 30") 


Adopted distance 


18.6 Mpc 
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Table 2. Galaxy parameters 



NGC 3992 



Hubble type 


SBb(rs)I 


a 


Brightness (in B) 


10.86 mag. 


b 


Brightness (in I) 


8.94 mag. 


b 


Opt. incl. (g = 0.11) 


57° 


b 


Opt. PA major axis 


68° (= 248°) 


b 


PA major axis bar 


37° 


c 


Deprojected bar length 


150" 


d 


Scalelength 


undef 




Total H I mass 


0.9 1U Mq 


J 

a 


21 cm cont. flux 


4o.z mjy 


a 


UGC 6923 






Brightness (in B) 


13.91 mag. 


b 


Brightness (in I) 


12.36 mag. 


b 


Opt. incl. (q = 0.11) 


66° 


b 


Opt. PA major axis 


354° 


b 


Scalelength (in I) 


20'.' 9 


b 


Total H I mass 


U.D4 1U Mq 


e 


21 cm cont. flux 


< z.D mjy 


D 


UGC 6940 






Brightness (in B) 


16.45 mag. 


b 


Brightness (in I) 


15.44 mag. 


b 


Opt. incl. (q = 0.11) 


75° 


b 


Opt. PA major axis 


135° 


b 


Scalelength (in I) 


8'.' 52 


b 


Total H I mass 


0.16 10 9 M 


e 


21 cm cont. flux 


< 1.3 mjy 


b 


UGC 6969 






Brightness (in B) 


15.12 mag. 


b 


Brightness (in I) 


14.04 mag. 


b 


Opt. incl. (q = 0.11) 


73° 


b 


Opt. PA major axis 


330° 


b 


Scalelength (in I) 


11'.' 65 


b 


Total H i mass 


0.44 10 9 M 


e 


21 cm cont. flux 


< 3.8 mjy 


b 


a Sandage & Tammann (1981) 



b Verheijen (1997) 

c Measured from photograph 

d Paper I 

e This paper 



Table 3. The rotation curve of UGC 6923 



R Kot Evrot 

(") (kms- 1 ) (kms- 




R Kot 

(") (km s- 1 ) 


£vrot 

(km s" 




10 38.3 10.3 
20 57.7 3.0 
30 62.5 1.2 
40 70.8 1.8 
50 76.4 1.6 




60 82.2 
70 91.8 
80 83.5 
90 91.6 


1.4 
9.0 
5.2 
7.2 




Pos. of dynamical centre 

RA (1950) 

Declination (1950) 

K ys (Hel.) 
Inclination 
PA. 




ll h 54 m 14!2 
53° 26' 20'.' 7 
1066 ± 2 km s" 1 
66° (Opt.) 
343° ± 4° 






Table 4. The rotation curve 


of UGC 6940 






R Kot Evrot 

(") (kms" 1 ) (kms- 




R Kot 

ftt\ /l — 1\ 

( ) (kms ) 


£vrot 
/l 

km s 


) 


10 19.4 2.4 
20 33.0 2.0 




30 41.9 
40 49.9 


3.5 
3.0 




Pos. of dynamical centre 

RA (1950) 

Declination (1950) 

K ys (Hel.) 
Inclination 
PA. 




ll h 55 m 12!6 
53°30'45'.'3 
1107 ± 2 km s" 1 
75° (Opt.) 
315° (Opt.) 






Table 5. The rotation curve 


of UGC 6969 






R Kot Evrot 

(") (kms -1 ) (kms" 




R Kot 

(") (km s- 1 ) 


£vrot 

(km s~ 




10 17.1 8 
20 35.8 2 
30 49.8 3.6 
40 59.8 3.9 




50 64.5 
60 67.3 
70 77.2 
80 84.4 


2.1 
5.0 
5.4 
5.4 




Pos. of dynamical centre 

RA (1950) 

Declination (1950) 

K ys (Hel.) 
Inclination 
PA. 




ll h 56 m 12!9 
53°42'8'.'6 
1114 ± 2 km s" 1 
73° (Opt.) 
331°± 2° 
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Table 6. Rotation decompositions of the companions 



UGC 






6923 


6940 


6969 


Incl. (°) 






66 


75 


73 


hi (kpc) 






1.88 


0.77 


1.05 


Obs. light (10 9 LM 






1.76 


0.104 


0.376 


Gas mass, Hi + He (10 9 M Q ) 




0.89 


0.22 


0.622 


(M/L)f s max disc 




Iso 


1.64 ± 0.23 


1.6 ± 0.2 


1.78 ± 0.4 


i?corc max disc (kpc) 




Iso 


5.3 ± 2.2 


> 20 


9.2 ± 5.2 


^max fo s( . ^ m g -l-j 




Iso 


124 ± 57 


> 500 


199 ± 114 


-Rcorc min disc (kpc) 




Iso 


1.39 ± 0.16 


2.0 ± 0.2 


2.93 ± 0.33 


t;^ ax min disc (km s _1 ) 




Iso 


93 ± 13 


73 ± 8 


104 ± 13 


R COIC (M/L)} = 0.82 (kpc) 




Iso 


2.24 ± 0.27 


3.45 ± 0.4 


4.24 ± 0.6 


^max (M/L)j = 0.82 (km s" 




Iso 


94 ± 13 


97 ± 11 


121 ± 19 


R s (M/L)} = 0.82 (kpc) 




NFW 


3.7 ± 0.2 




2.9 ± 0.5 


Wmax (M/L)} = 0.82 (km s" 




NFW 


63 ± 3 




53 ± 6 


R s (M/L)} = (kpc) 




NFW 


4.8 ± 0.15 




3.25 ± 0.45 


W (M/L)} = (km s- 1 ) 




NFW 


77 ± 2 




57 ± 6 


R 3 (M/L)} = 0.82 (kpc) 




NFW-3<7 






8.4 ± 1.3 


iw (M/L)} = 0.82 (km s" 




NFW-3cr 






66 ± 7 



Table 7. Light and mass-to-light ratios 



Galaxy Lf s Incl. A} A} L} (M/L)} Mass for Mass Mass 

(Eq. 8) used max disc (M/L)} — 0.82 max disc best fit 

(1O 9 L ) (°) (mag.) (mag.) (10 9 L Q ) (M /L ) (10 9 M ) (10 9 M ) (10 9 M ) 



N3992 


41.16 


57 


0.26 


0.52 


66.27 


2.91 


54.3 


194.1 


73.7 


U6923 


1.76 


66 


0.34 





1.76 


1.64 


1.44 


2.89 




U6940 


0.104 


75 


0.52 





0.104 


1.6 


0.085 


0.17 




U6969 


0.376 


73 


0.47 





0.376 


1.78 


0.308 


0.67 





